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We provide a scenario where naturally small and calculable neutrino masses arise from a su- 
persymmetry breaking renormalization-group-induced vacuum expectation value. The construction 
consists of an extended version of the Next-to-MSSM and the mechanism is illustrated for a univer- 
sal choice of the soft supersymmetry-breaking parameters. The lightest supersymmetric particle can 
be an isosinglet scalar neutrino state, potentially viable as WIMP dark matter through its Higgs 
new boson coupling. The scenario leads to a plethora of new phenomenological implications at 
accelerators including the Large Hadron Collider. 
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Theory has no clue as to what causes the smallness of 
neutrino masses. It has become popular to ascribe it to 
the existence of a very high scale within the so-called min- 
imal type-I seesaw [l| . Although this approach would fit 
naturally in unified schemes, no one to date has produced 
a convincing unified theory of flavor, where the observed 
pattern of quark and lepton masses and mixings is ex- 
plained, especially the disparity between the small quark 
mixing angles and mixing angles [H indicated by neu- 
trino oscillation experiments. Moreover, if type-I seesaw 
is nature's way to understanding neutrinos one should 
give up hopes of ever obtaining its direct confirmation 
by accelerator experiments, such as the upcoming Large 
Hadron Collider (LHC). 

Here we adopt as an alternative approach an SU(3) x 
SU(2) x U(l) inverse seesaw mechanism 0, which 
avoids introducing new states above the TeV scale. Neu- 
trino masses arise well below the weak scale, thanks to 
a very small singlet mass term in whose presence lep- 
ton number is violated. Naturalness follows in t'Hooft's 
sense [B| , namely, one is allowed to assume the smallness 
of parameters in whose absence the symmetry of the the- 
ory increases. Even though this is a perfectly valid and 
consistent procedure, it has not become as popular as the 
high-scale seesaw due to some discomfort in assuming by 
hand the smallness of an SU(3) x SU(2) x U(l) invari- 
ant mass term. Rather than arguing that such theoret- 
ical prejudice is unjustified, here we provide a plausible 
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mechanism where the origin of such small scale would, in 
addition, find a natural dynamical explanation. 

Our basic assumption is supersymmetry, the leading 
framework to account for the stability of the weak in- 
teraction scale [f|. Here we show how the breaking of 
supersymmetry can spontaneously induce the radiative 
generation neutrino masses at very low scales. The mech- 
anism requires the existence of a singlet sector, perhaps 
of stringy origin Q ■ Such sector would be secluded from 
the Standard Model sector and hence hardly evolve under 
the renormalization group. "Calculable" neutrino masses 
then arise via the inverse seesaw mechanism with dynam- 
ically generated mass parameters, in a scenario which 
can be considered an extended version of the Next-to- 
Minimal Supersymmetric Standard Model. 

In order to generate naturally small neutrino masses 
in our scheme we need to assume the vanishing of some 
of the new soft-trilinear parameters. For simplicity, we 
will illustrate this mechanism imposing universal con- 
ditions for the soft parameters, in a way analogous to 
the Constrained next-to-minimal supersymmetric stan- 
dard model (CNMSSM) [|. However, as we will later 
clarify, our dynamical neutrino mass generation scenario 
need not rely on this universality. These initial condi- 
tions lead to a consistent phenomenological picture with 
an adequate electrically neutral dark matter candidate 
which is cither be a scalar neutrino, or a spin 1/2 neu- 
tralino, with suppressed couplings. Of these, here we 
focus on the first possibility. It has been shown that 
in this case the lightest superparticle (LSP) is likely to 
be a scalar neutrino whose relic abundance covers the 
range indicated by WM AP , and whose detection cross 
sections in nuclear recoil experiments can also be size- 
able [l(|. Moreover, the required magnitude of the su- 
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TABLE I: Multiplet content of the model. 



persymmetric Higgs mass parameter arises from the ex- 
pectation value of the extra singlet field present in the 
NMSSM [TO], avoiding the so-called [i problem (TT " 
as recently advocated in Ref. 



In order to illustrate the idea we consider the model 
defined by the supermultiplets given in table U where 
L denotes the global continuous lepton number and R 
denotes the J?-charge. We preserve the Z 3 symmetry of 
the NMSSM which forbids bilinear couplings, since we 
still want to generate an EW-scale /z-term in the same 
way as in the NMSSM. The supcrpotcntial is given as 



W =yf j L i HdE9 + y? j Q i HvU? 



yt J Q l H d D c 3 



(1) 



where the first three terms are standard, the next two ac- 
count for the NMSSM extension, and the last four char- 
acterize our supersymmetric inverse seesaw model. In 
contrast with the simplest versions employed in Ref. [TtJ 
we have only trilinear terms, thanks to the Z3 symmetry. 
This is also natural in string constructions, where bilinear 
couplings arc absent from the superpotential. The corre- 
sponding soft supersymmetry breaking potential reads, 

Vsoft = a%Q i H u uF j + <>1,Q,ir ! <h , + af j L i H d ^ j 



-a< s , H $H u H d + ia** 3 



+Z i m 2 \<p. l \ 2 



U A AA 2 + H.c. 



(2) 



where the last two terms are the standard scalar and 
gaugino soft supersymmetry breaking terms. 

The minimization of the scalar potential leaves five 
equations which must be fulfilled for a successful radia- 
tive electroweak symmetry-breaking. Of these, three are 
those obtained in the NMSSM and can be used to fix 
the values of the vev of the singlet field ($) , the coupling 
A2 and the mass-squared parameter m|, a prescription 
which is usually adopted in the CNMSSM. The remain- 
ing two equations relate the vevs of A and A to the soft 
parameters in the secluded sector. These are given as 



r</4-K z v A vi/2 + a A v A v A /V2 + m\v A = 



£ 2 vlv A /2 + a A vl/(2V2) 



A A 

m A v A 



0.(3) 




FIG. 1: Supersymmetry breaking as seed for low-scale dy- 
namical neutrino mass generation. 



Due to their different charges with respect to the global 
lepton number symmetry, A and A behave differently 
On the one hand, from the second equation v A we have 
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V2 ev\ 
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(4) 



The light neutrino mass is controlled by v A through the 
inverse seesaw mechanism 0, 0] which applied to the la- 
grangian obtained by the supcrpotcntial of eq. ([T]) gives 



(5) 



From eq. ((4]) we see that v A cc a A , so it depends exclu- 
sively on the trilinear soft parameter of the singlet sector. 
On the other hand, the equation involving v A gives in 
first approximation 



-4^ + 0(a A ). 



(G) 



This is controlled by the soft parameter and does 
not vanish in the limit in which the triljncar soft term 
a A goes to zero. Thus under the assumption that the 
trilinear soft terms of the singlet sector vanish at the 
unification scale, minimizing the tree-level Higgs poten- 
tial one finds that A develops a vacuum expectation value 
v A while A does not. Therefore, in this tree level limit 
neutrinos are still massless. 

One can derive the corresponding logarithm rcnormal- 
ization group evolution equations (RGEs) for all masses 
and couplings. These contain the RGEs of the NMSSM, 
supplemented with the evolution of the new parameters 
of the secluded sector. Imposing vanishing trilinear soft 
terms at the unification scale, the evolution of the corre- 
sponding trilinear soft parameters can be approximated 
by the following set of equations 
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where we have defined 16w 2 dai/dt = fi ai . The first line 
above encodes the fact that gaugino soft supersymmetry 
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breaking terms are the seed for the low-scale dynamical 
neutrino mass generation mechanism proposed here, as 
illustrated in Fig. [T] 

The breaking of supersymmetry due to the non- 
vanishing gaugino mass is sequentially transmitted to all 
the soft trilinear terms of the singlet sector, the smallest 
being oa- Their approximated order of magnitude can 
be easily read from the RGEs given in cq. ([7]) and are 
given by 
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The presence of a small but non vanishing a a, which 
arises effectively at four- loops 1 , induces in turn a natu- 
rally small vev «a according to eq. (£[]). As a result «a is 
naturally expected to be very small, of order MeV or even 
smaller. This shows how the small calculable parameter 
i>a acts as the seed of the light neutrino mass according 
to eq. ([5]). The existence of the secluded sector there- 
fore plays an important role in our proposal of a novel 
mechanism in terms of which to understand the origin of 
neutrino mass. As we have already explained, the main 
assumption is that the trilinear parameters associated to 
the singlet sector, a$#, a$, a n , and as vanish at the unifi- 
cation scale Mo, while the rest of the soft parameters are 
unconstrained. Vanishing trilinear parameters are pos- 
sible in the supergravity scenarios obtained as the low- 
energy limit of string theory. More specifically in some 
phenomenologically appealing constructions, such as D- 
brane compactifications of the Type-I string or orbifold 
scenarios in the Heterotic string, some trilinear couplings 
vanish for specific choices of the parameters which define 
supergravity breaking (see e.g. some of the examples in 
Refs. [15(). Notice that the fields in the new singlet sector 
in our model have different quantum numbers than the 
MSSM fields and must therefore correspond to different 
string modes. Thus the vanishing of the trilinear terms 
associated to these singlets does not necessarily imply 
that all the trilinears are null. 

Let us now illustrate this mechanism with a specific 
example. Since the role of the MSSM trilinear parame- 
ters is not relevant for our discussion, for simplicity we 



1 Because of the singlet nature of A and A and the specific cou- 
plings in cq. JTJ the RGE two-loop order contributions to a& are 
absent. We did not explicitly check that all the three-loop order 
ones vanish, even if we expect so. However, even if the latter were 
induced, one could arrange the arbitrary tree level parameters to 
obtain v& of the correct order of magnitude. 
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FIG. 2: Renormalization group evolution of the scalar masses 
(with m = sign(m )\/|mQ|) for a representative choice of pa- 
rameters (see text). 



will impose universal conditions just as in the CNMSSM 
and assume that all trilinear soft breaking terms van- 
ish at Mo. We also consider a universal gaugino mass 
parameter, m 1 / 2 , and a positive scalar squared-mass pa- 
rameter, itiq, for all gauge non-singlet scalars. For the 
singlet scalars we assume them to be all equal to m\ and 
use the minimization conditions to fix its value, which 
typically results in m\ < 0. This choice could be un- 
derstood, e.g., if the singlet fields had a different origin 
from the NMSSM fields in a more fundamental theory. 
Negative squared-mass parameters for scalars were also 
considered in the MSSM p| . 

In Fig. [5] we display the evolution of the masses of 
the scalar fields of the model for a concrete example 
in which we choose mi/ 2 = 1 TeV, m = 300 GeV, 

tan/? = 40, Ai = 0.01, £ = 0.1 and 77 = f = 0.0053. 
The minimization conditions impose // = 1140 GeV, 
ra| = -2.94 x 10 4 GeV 2 and A 2 = -0.0011 at the EW 
scale 2 . We note that the evolution of the parameters 
concerning the states in the NMSSM are not substan- 
tially different from what is expected and that, due to 
the smallness of A2 , the soft masses of the singlets prac- 
tically do not deviate from their value at Ma. 

After numerically solving the RGEs, the particle spec- 
trum can be calculated at the EW scale. The inclusion of 
the secluded sector has no effect on the masses of most of 



As noted in |16|| . the resulting value of A2 after solving the 
minimization conditions in the CNMSSM is typically one order 
of magnitude smaller than Ai. 
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FIG. 3: Supersymmetric spectrum for the same choice of pa- 
rameters as in Fig. [2] The real (imaginary) sneutrino state 
is labelled as v r {vi), the scalar(pseudoscalar) of the secluded 
sector is indicated as A r (Ai) and the singlino as A. Gluino 
and squark masses are larger than 1.5 TeV and not shown. 



the NMSSM particles. However, the new singlet S mixes 
with the right- and left-handed sneutrino states, giving 
rise to three sneutrino states. 

One can see that in most cases the lightest sneutrino is 
a combination of the two singlet states v c and s. Since all 
trilincar couplings vanish at the unification scale, the tri- 
linears involving only gauge singlet fields run very slowly 
so va is very small compared to the other vevs. Thus 
for the above choice the sneutrino mass matrix can be 
approximated as 
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with < a ri ,/3 ri — 0(1) while 5 — O(0. 1) and where 
we have used m^c,m| m$ 2 < 0. Given that m 2 L > 0, 
the lightest sneutrino is typically the CP even or CP odd 
combination of the singlet states. 

As illustrated in Fig. [3l due to these mixing effects 
it is likely that the lightest supersymmetric particle is 
a mainly a mixture of the singlet scalars in v c and S , 
instead of the neutralino or stau. This is analogous to the 
construction of Ref . [h} , although now the sneutrino has 
virtually no left-handed component. In this sense, this 
model is similar to the scenario of Refs. [3, since 
in both the right-handed sneutrino component couples 



FIG. 4: Same as in Fig.[3l but for a different choice of in- 
put parameters, with larger Ai and A2, and a small tan/3, as 
described in the text. 



directly to the NMSSM Higgs sector through the singlet 
$. As shown there, this makes it possible to fulfil the 
WMAP result, thereby making the sneutrino a viable 
WIMP. A similar effect is expected in the present model, 
this time through the r\ coupling in eq. ([TJ. Thus, the 
scheme proposed here opens yet new alternative ways to 
understand supersymmetric dark matter. 

In this example, the smallness of the A2 parameter im- 
plies the quasi-restoration of a U(l) Peccei-Quinn sym- 
metry in the superpotential. This entails the occurrence 
a very light CP-odd Higgs (in our example tua = 3 GeV) 
as the pscudo-Goldstone boson of this broken symmetry 
[2fjj . Since the latter is almost a pure singlet it is consis- 
tent with existing phcnomcnological bounds. 

Examples with a larger value of Ai generally lead to a 
larger A2 when the REWSB conditions are solved. In 
these cases the lightest CP-odd Higgs is not as light 
as in the example above and, apart from of some new 
heavy states, the spectrum resembles that of the MSSM. 
However, the increase in Ai also entails a more nega- 
tive value of solution to the REWSB equations, 
and this in turn makes it more complicated to obtain 
non-tachyonic sncutrinos. Only through an increase in 
77 can this be achieved but this has as a consequence a 
significant increase in the masses of the particles in the 
secluded sector (A and A r;i ). For completeness, in Fig. [4] 
we display the resulting spectrum for mi/ 2 = 300 GeV, 

m Q = 1 TeV, tan /3 = 2, Ai = 1, £ = f = 0.07 and 77 = 2.8. 
The minimization conditions now lead to fi = 996 GeV, 
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m| = -1.17 x 10 6 GcV 2 and A 2 = -0.4 at the EW scale. 
As in the previous example, the imaginary sneutrino is 
now the LSP and this has a significant mixture of the 
scalars in v c and S. Notice that the particles in the se- 
cluded sector are heavier than 1.7 TeV. 

Last, but not least, in addition to a new supersymmet- 
ric dark matter scenario, our model leads to different phc- 
nomenological implications for the LHC and other accel- 
erator experiments. The most interesting of these follow 
directly or indirectly from the new gauge singlet fermions 
at the TeV-scale. Apart from the possibility of direct pro- 
duction through mixing in the Standard Model weak cur- 
rents plj , their exchange can induce lepton-flavor violat- 
ing (LFV) [lH as well as leptonic CP violating effects [23| , 
leading to processes such as \i~ —> e~7, nuclear [i~ — e~ 
conversion [24| and LFV tau decays [25[ ■ These processes 
can proceed even in the limit of decoupled supcrsymme- 
try, and even in the absence of neutrino masses. As a 
result their expected rates can be sizeable [It}- In addi- 
tion supersymmetry brings in the possibility of observing 
lepton flavor violation at high energies, in the decays of 
supersymmetric states, opening the possibility that LHC 
can directly probe the underlying physics [26[. 

Finally spontaneously breaks lepton number at the 



TeV scale, generating a pseudoscalar Goldstone boson, 
called Majoron [131 ■ I* s couplings with ordinary matter 
are tiny, evading stellar energy loss constraints. 

In summary, we have described a framework in which 
supersymmetry breaking can provide the dynamical ori- 
gin for small neutrino masses through the inverse see- 
saw mechanism. The seed for neutrino masses is a small 
renormalization-group- induced SU (3) x SU(2) x U (1) sin- 
glet vacuum expectation value, while the fi problem is 
also dynamically solved as in the NMSSM. A mixed sin- 
glet sneutrino arises as a natural candidate for WIMP 
dark matter, in addition to a plethora of new phenomeno- 
logical implications. 
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